Background
Nanofibers have a seemingly infinite amount of uses for a variety of applications ranging for bioengineering to clothing to electronics to microfluidic devices. The recent abundance of potential uses for electrospinning would seem to indicate a relatively new technology. This is hardly the case. The first patent for electrospinning was developed in 1934 for cellulose acetate.
1 The process is not the novelty but the understanding of how it works is quite contemporary. It was not until imaging and film technology caught up with the process of electrospinning that researchers noticed the intricacy and hidden complexity. High speed photography demonstrated that the familiar spray outline was merely an envelope for the rapidly stretching, looping fiber.
1 This process was vastly more controlled than previously imagined.
Electrospinning can also overcome the restrictions of conventional spinning. Industrial spinning is physically bound by the diameter of the nozzle and distance between the godet roll and winder.
2 Those limitations do not allow for fibers less than tens of microns in diameter at best, with the quality varying greatly.
2 By using electrical force, electrospinning completely circumvents all the physical confines of spinning. The electrical force not only ejects the polymer from the droplet formed at the nozzle but stretches and lengthens it.
3 The decrease in the diameter of fibers, to make them macroscopically long, has always been of great importance to anyone needing to make very fine yet sturdy materials that are seamless and integrated. 4 Additional properties of nanofiber mats, with their greatly increased surface area to volume ratios and porosity, are valuable to any field working with small particulate matter.
With the recent sizing down of many engineering applications to the nano or bio level, the need for small, specialized structures became apparent in many more fields than filtering. It is the adaptability of electrospinning that makes it an attractive technology. Special properties can be spun into the fibers by simply adding the particles with the correct properties making them conductive, magnetic, or catalytic.
1 The fibers can also be made into metallic, ceramic, or carbon tubes.
1 These tubes, quite long in contrast to their inner diameter, are the perfect size for microfluidic devices, microreactors, and long carbon nanotubes.
1
The electrospinning process has many variables to be discussed in the results section but the mechanics of the spinning is similar for every method practiced. The polymer solvent solution emerges from the nozzle and forms a droplet. The nozzle is charged which transfers its electrical energy to the droplet. At a characteristic voltage, the droplet will change shape forming what is known as the Taylor cone.
3 When this happens, a jet, made of the liquefied polymer, is ejected from the tip of the cone. As the jet enters the field formed between the nozzle and collecting wheel, it stretches and loops.
3 The lengthening of the polymer fiber is due to simultaneous but separate events: the solvent evaporating from the polymer, which solidifies as a fiber, and the charges within the polymer repelling each other.
3 The result is a drastic reduction in the diameter of the fiber with a significant increase in length.
That electrospinning produces relatively uniform fibers has been understood for a while.
1 Two other processes to form core-shell fibers from dissimilar polymers are emulsion electrospinning and co-electrospinning. Emulsion electrospinning is similar in mechanics to electrospinning, but chemically is quite different. Two different polymers were dissolved in one solvent, or solvent mixture, and after mixing and settling become a liquid-liquid emulsion. The core polymer must form little droplets within the solution before it is ready for mixing. This is what allows the core to form within the shell. Although it is chemically and physically much more complex, the mechanics of single nozzle fiber spinning are well understood.
In contrast, co-electrospinning has simple parts forming a complex whole. It is currently the only other single-stage process to form core-shell fibers.
5 Most use some sort of core-fiber formation followed shell deposition sequence.
5 The mechanics of this are far more difficult than single nozzle spinning because not only do the parameters of normal electrospinning (e.g. needle voltage, humidity, distance from the collector) have an effect but the polymers must be in sync with each other. The inner polymer must form a Taylor cone within a Taylor cone, the outer polymer, so that when ejected it is cased in the outer polymer. The concentric needles also have to at heights uneven, the inner projecting outward a tiny bit. These differences may seem little but when optimizing will just add complexity to an already complicated process.
The goals of the present work are to understand the variables affecting the electrospinning process and to optimize both homogenous and core-shell nanofibers. The ultimate goal is the creation of inner-core polyethylene oxide, outer-shell polyacrylnitrile fibers, which would be then heat treated to form hollow fibers with porous walls. The polymers profiled are polyurethane, as a single polymer fiber, and a series of blends with compatible cospinning experiments. In the first half, polyurethane relayed the results of different solvents on fiber quality and led to a better understanding of their interaction. In the second half, trials were successful in demonstrating, using parallel polymer-solvent solutions, the effectiveness of emulsion electrospinning and co-electrospinning to form hollow core-shell fibers.
Methods
The processes in this lab vary from one polymer to another, among solvent mixtures, and in the types of fibers being made. The order of the procedures will start simple, gradually increasing in complexity. The overarching principle will be that of electrospinning nanofibers.
The polymer-solvent solutions were made using an analytical balance and weighing first the polymer and then the solvent. The solutions varied in mixing times and heating temperatures but were often dissolved within two days (usually overnight) between 65
• C -75
• C. If emulsions were needed, the solutions were set out anywhere from 2 hours to 1.5 days.
The standard setup for an electrospinning process involved a syringe pump, five (5) mL syringe, tubing with attachments leading to the needle. An electrical source is clipped on to the metal part of the nozzle, causing a point-plate electric field. The "plate" is a collecting wheel that is either flat or sharpened depending on the type of sample desired. The single polymer fibers that were spun were polyurethane. The solvent-polymer mixtures were polyurethane at 6 wt% (0.9 g) in a 15 gram solution. The solvent variants were a mixture of ethanol (EtOH) and tetrahydrofuran (THF) in ratios of 50/50, 80/20, and 100/0. The fibers were formed with the field at 3.50 kV and the flow rate at 0.8 mL/hr.
The single nozzle blends were more complicated. An emulsion had to have formed before spinning was begun.. This allowed the core polymer to be encased in a fluid that contains the shell polymer. The blends were, polymers in the order of core/shell, 6% PCL/6% PAN, 1% PEO (4 MDa)/6% PAN, 6% PEO (600 kDa)/6% PAN, 4% PEO (600 kDa)/6% PAN, 2% PEO (600 kDa)/6% PAN, and 1% PEO (600 kDa)/6% PAN, all in a DMF solvent. Every one of these blends were run through a 23
The electrospinning setup -syringe pump (not pictured) forces polymer solution from a) 5mL syringe with tube leading to b) a 32 gauge needle electrified by c) a voltage clip forming a Taylor cone from which a jet shoots out at d) and then lengthens and loops through e) until it reaches f) the spinning disk collector.
gauge needle except for the 6% PEO (600 kDa)/6% PAN which was run through a 21 gauge needle because of its thickness. The blends were all run at various flow rates and electric field strengths. Those are to be discussed in the results section.
The final process was co-electrospinning. For this process, 21 gauge needle surrounded a 25 gauge needle in a coannular nozzle. The structure for these needles was the 25 gauge on top going through a 1 mL syringe, which was cut off at the 0.2 mL mark, and into the 21 gauge needle. The outer shell material was delivered to the lower needle through a 23 gauge needle that was inserted into the shortened 1 mL syringe. The smaller, inner needle protruded slightly from the outer one as the inner droplet must be encased in the outer droplet, forming a core-shell jet when ejected. The outer solvent-polymer mixture was always 12% PAN in DMF and the inner solvent mixtures were 1% PEO (4 MDa), 6% PEO (600 kDa), 4% PEO (600 kDa), 3% PEO (600 kDa), 2% PEO (600 kDa), 1% PEO (600 kDa). The core and shell polymers were kept separate, in two 5 mL syringes, which were set at different flow rates by their own syringe pump. The shell mixture was set at a higher flow rate than the inner core. There were no standards to dictate the difference in flow rates. The electrode is attached to the outer needle and the field was assumed to be the same for both the inner and outer flows. Both the field strength and flow rates were varied experimentally and are discussed in the results section.
For the process of making carbon nanofibers, through either a blend single nozzle electrospinning or coelectrospinning, a furnace was used to dissipate the core polymer and carbonize the shell polymer. The polymers were first collected on a thin, sharp rotating wheel and then slim pieces were then cut into small strips. After placing the samples on a ceramic plate, the oven was turned on with the top closed. First the temperature was raised to 250
• C, through an automatic rate. After reaching 250
• C, the samples stayed at that temperature for approximately 30 minutes. This was done to completely destroy any PCL or PEO that remained in the sample. Following the 30 minutes the furnace was programmed to amp up to 750
• C at 5
• C/min. Before setting the program, the nitrogen tank was opened to send air through the oven between 1.00-1.25 L/min. After reaching 750
• C, the sample was kept at that temperature for approximately 60 minutes. A cooldown session would follow with the samples being taken out at temperatures under 400
• C. Only after the sample was removed would the nitrogen be turned off.
Results and Discussion
Polyurethane (PU) is a durable yet delicate polymer. The trials done with PU indicate it is difficult to collect. The solvent, a mixture of ethanol (EtOH) and tetrahydrofuran (THF), was the variable for PU. Inconsistencies were the focus here since PU was an untested fiber in the lab. Inconsistencies are parts of the fiber appear bloated or bumpy. These ruin the quality of the fiber. Inconsistencies usually occur when the solvent does not evaporate rapidly, the flow rate is too high, and/or the polymers did not interact correctly with the solvent. In all of the trials, the fibers had inconsistencies so no solvent ratio was completely acceptable. As for the solvent interaction, THF has a boiling point of 66
• C, while ethanol has a boiling point of 78
• C. Another factor is the protic, ethanol, versus aprotic, THF, property of the solvents. Protic solvents have protons that can be donated or are available for hydrogen bonding. Since PU's monomer contains an ester, the ethanol may have a must stronger interaction, due to hydrogen bonding, with it than the THF. Together the higher boiling point and potential bonding affinity for PU, ethanol alone most likely evaporates too slowly to allow for proper stretching. Likewise pure THF evaporates too rapidly and does not interact well enough with the polymer to allow proper organization of the polymers in the fiber.
The fiber quality of the different solvent mixtures varied greatly. The 50/50 EtOH/THF mixture resulted in many large inconsistencies (Figure 3(a) ). Seeing as the flow rate was kept the same, it may have been emerging too fast since the 50/50 mixture was extremely runny. The solvent seemed to not interact properly with the polymer. The pure (100/0) ethanol solution had problems as well (Figure 3(b) ). The fibers were rough and branched quite a bit. The fiber diameter, another factor in quality, of the 50/50 fibers was the smallest averaging about 0.50 microns. The 80/20 fibers were usually between 0.90-1.30 microns. This was lowered slightly, along with the level of inconsistencies, by reducing the flow rate. The pure ethanol fibers were the widest with most fibers over 1.20 microns in diameter (although still under 1.60 microns). They also had the greatest diameter range, another factor in quality. The fibers with the least amount of inconsistencies were the fibers in the 80/20 EtOH/THF solvent (Figure 3(c) ). This may be because of the picture quality (the earlier images are dark) or lack of images containing flawed fibers. Notwithstanding, the conclusion seems reasonable but needs further testing. For all runs the flow rate was 0.8 mL/hr and the voltage was 10.5 kV. Other studies have shown an increase in polymer wt% and a decrease in the voltage lowers the occurrence of beading instabilities. According to the images obtained, the 80/20 fibers were overall the least damaged, most consistent structures. For   FIG. 4 : In a blend of PEO & 6%PAN in DMF: (a) 2% 600kDa PEO at 1.2mL/hr in 11.25kV (b) 1% 4MDa PEO at 0.8mL/hr in 11.25kV (c) 2% 600kDa PEO at 1.2mL/hr in 12.00kV the co-electrospinning versus emulsion electrospinning, the solvent, dimethylfuran (DMF), was kept constant. Optimization and comparison of fibers and parameters were the foci of these experiments. The blends were a failure. The higher percentages of PEO wt% (4% and above) solutions were too dense for good droplet formation. They came out in a gelled fashion rather than a liquid. They also quickly solidified when heating and stirred were stopped. The lower samples often formed good emulsions but did not spin anything that appeared hollow under an optical microscope. It could be that the inner cores were so small that they did not register on the microscope but that is unlikely given the core-shell structure of the successful co-electrospinning samples.
The co-electrospinning fibers exceeded expectations. The most stable success was the 2wt% 600 kDa PEO solution for the inner polymer. The 3wt% 600 kDa PEO solution made hollow nanofibers as well but the rate of the inner polymer solution was more difficult to control and the final flow rate of the inner solution is more than likely not what was recorded. The co-electrospinning process was stabilized by first setting the outer polymer (PAN) at a flow rate that gave a droplet around the lower protruding needle. This droplet was steadied through changing the flow rate until it did not dribble from the nozzle. Changes in the flow rate were given time to take effect. The voltage was increased when the droplet appeared to dangle (not drip) in order to reduce its size. When the droplet formed over the protruding needle without clogging or dripping, the inner polymer was set. Using the same methodology as the single polymer the droplet would be steadied. From there three additional variables were used to determine core-shell fiber formation. One was the length of the jet. The jet would lengthen if core-shell fibers were forming but this was often unnoticeable. Second, the formation of the droplet was imperative to determining core-shell fibers. If the inner polymer took up a large part of the droplet then coreshell fibers were not forming. It was not until the inner droplet was shrunk enough to allow the outer droplet to surround it (barely sometimes) that the core-shell fibers formed. This was learned using the first clue: the optical microscope images.
The first fibers formed would often appear homogenous ( Figure 5(a) ). It was not until the 2wt% PEO trial that there was a noticeable difference in fiber quality from the beginning to the end. The initial fibers would look yellow or lighter in color. Nearing the core-shell structure, the fiber would often appear bumpy and in the bumps a faint outline of an inner fiber would appear ( Figure 5(b) ). The core-shell structures formed soon after had an irreducible outline. This could look like an unfocused microscope but was the outer wall of the core-shell fiber. In fact, in the fiber has two outlines in the image taken ( Figure 5(c) ), one is the shell and the other is the characteristic optical microscope glare. The 3% 600 kDa PEO had a similar path to core-shell fibers. The difference was that the inner fiber was manually pumped out making the actual flow rate unknown.
These fibers were heat treated using the process described in the methods section. The tubes formed had holes very tiny in inner diameter. Using this and other methods used to make large inner diameter hollow tubes in the lab the parameters will be used hopefully to size the inner diameter along with the tubes.
Conclusion
Considering the large size of the polymers used the inner diameter of the hollow tubular fibers was extremely small. The PEO may be able to be taken out in other ways than heating because it is soluble in water whereas PAN is not. This increases the number of ways that the inner polymer can be removed from the fiber and may have a less damaging effect than the heating. Polymethyl (PMMA) has been the fiber most studied fiber in the laboratory. Previous studies with PMMA indicate that it is possible to form core-shell fibers from blends and from co-electrospinning (cite). Although forming core-shells from blends was not possible using PEO the core-shell fibers formed from co-electrospinning were a success in deceasing the inner diameter regardless. Future studies will help to create parameters and optimize the process of electrospinning core-shell fibers with PAN as the outer shell with the ultimate goal as the ability to size the inner diameter with precision. The data from this will help accomplish that aim.
Experimental
The polymers used were polyethylene oxide (PEO), polyacrylnitrile (PAN), polyurethane (PU). The polymers were purchased from Sigma-Aldrich, except for PAN and PU which were purchased from Polysciences and Tecophilic respectively. The average molecular weights (Mw) for each polymer were as follows: PEO -Mv = 600 kDa or 4 MDa, PAN -Mw = 150 kDa, and PU -Mw = unknown. The solvents dimethylformamide (DMF), tetrahydrofuran (THF), and ethanol (EtOH) were purchased from Sigma-Aldrich. None of the polymers or solvents was altered. Acetone and water were sometimes used to clean the wheels or needles. The PrecisionGlide R needles (nozzles) were purchased from Becton-Dickson. They were altered with needle files to smooth the dissimilarities after cutting and/or to flatten the pointed tip. This was to prevent the charge on the needle becoming localized in one spot, rather than evenly distributed at the outlet.
The setup for electrospinning was completed as described in the methods section. The syringes were always five (5) mL in capacity and were emptied via kdScientific syringe pump. The setup for co-electrospinning was completed as described in the methods section. The five (5) mL syringes used were emptied at separate speeds using different, but compatible, syringe pumps. The humidity was almost always in the range of 50-60%. The height of the nozzle above the collecting wheel was between 10-15 cm. Since the electrical field and flow rates were the variables in the experimental portion they will be stated in any descriptions of the fibers spun.
The carbon nanofibers were heated using the 47900 Barnstead Thermolyne Furnance. The process used to bake them is described in the methods section.
The images of the fibers were resolved on the Olympus BX51 microscope and captured using Microsuite Special Edition
